Benzo [a]pyrene diol epoxide (BPDE)-induced DNA adducts are a risk factor for tobacco-related cancers. Excision repair crosscomplementing complementation group 1 (ERCC1) and excision repair cross-complementing complementation group 2/xeroderma pigmentosum D (ERCC2/XPD) participate in the nucleotide excision repair (NER) pathway that removes BPDE-DNA adducts; however, few studies have provided population-based evidence for this association. Therefore, we assayed for levels of in vitro BPDE-induced DNA adducts and genotypes of single-nucleotide polymorphisms (SNPs) of the NER genes ERCC1 (rs3212986 and rs11615) and ERCC2/XPD (rs13181, rs1799793 and rs238406) in 707 healthy non-Hispanic whites. The linear trend test of increased adduct values in never to former to current smokers was statistically significant (P trend 5 0.0107). The median DNA adduct levels for the ERCC2 rs1799793 GG, GA and AA genotypes were 23, 29 and 30, respectively (P trend 5 0.057), but this trend was not observed for other SNPs. After adjustment for covariates, adduct values larger than the median value were significantly associated with the genotypes ERCC1 rs3212986TT [odds ratio (OR) 5 1.89, 95% confidence interval (CI) 5 1.03-3.48] and ERCC2/XPD rs238406AA (OR 5 0.64, 95% CI 5 0.41-0.99) and rs238406CA (OR 5 0.63, 95% CI 5 0.45-0.89) compared with their corresponding wild-type homozygous genotypes. The results of haplotype analysis further suggested that haplotypes CAC and CGA of ERCC2/XPD, TC of ERCC1 and CACTC of ERCC2/XPD and ERCC1 were significantly associated with high levels of DNA adducts compared with their most common haplotypes. Our findings suggest that the genotypes and haplotypes of ERCC1 and ERCC2/XPD may have an effect on in vitro BPDE-induced DNA adduct levels.
Introduction
In vivo DNA adducts detected in viable cells, such as peripheral blood lymphocytes, are a phenotypic marker for the biologic effects of both carcinogen exposure and host DNA repair capacity (1), because their detectable levels depend on not only levels of exposure that cause DNA adducts but also individual variations in response to such exposure, including cellular absorption, distribution, metabolic activation and detoxification and DNA repair capacity (2, 3) . Exposure to polycyclic aromatic hydrocarbons from incomplete combustion of motor vehicles or power plants can lead to elevated levels of DNA adducts that are detectable in blood cells, such as benzo [a] pyrene diol epoxide (BPDE)-induced DNA adducts (3, 4) . These adducts are repaired by the nucleotide excision repair (NER) pathway (5) , which has several genes that perform a coordinated repair function (6) . Genetic variation in the form of single-nucleotide polymorphisms (SNPs) of these NER genes can also modulate the levels of DNA damage in response to carcinogen exposure (7) , if they affect their protein functions.
In vitro BPDE-induced DNA adducts can be used to study host DNA repair capacity in experimental settings. Because levels of in vivo-induced DNA adducts depend on the dose and duration of exposure, which are often poorly estimated in population-based studies, we developed an in vitro carcinogen-induced adduct assay to measure in vitro carcinogen-induced adducts under experimental exposure conditions (8) . Because we showed that the in vitro BPDEinduced DNA adduct levels in that study were !1000 times those in vivo induced by smoking or other environmental carcinogens and because BPDE is an ultimate carcinogen, the detectable level of in vitro BPDE-induced DNA adducts in this assay reflects the host DNA repair capacity phenotype. In two early pilot case-control studies, we assayed BPDE-induced DNA adducts in cultured peripheral lymphocytes and found that these adducts can be a risk factor for tobacco-related cancers, such as lung cancer and squamous cell carcinoma of the head and neck (8, 9) . These two pilot studies were later independently confirmed by much larger studies (2, 10) .
Excision repair cross-complementing complementation group 1 (ERCC1) and excision repair cross-complementing complementation group 2/xeroderma pigmentosum D (ERCC2/XPD) are two genes involved in the NER pathway (6) that, along with other genes (5), maintain genomic integrity by removing DNA lesions induced by ultraviolet light and other environmental carcinogens, such as polycyclic aromatic hydrocarbons in tobacco smoke (e.g. benzo [a] pyrene, which can be metabolized to form BPDE) (11) . ERCC1 interacts with other genes, such as XPA and XPF in the NER pathway, to guide 5#-incision activity in DNA repair, and ERCC2/XPD is part of the transcription factor IIH that opens DNA strands around the site of the lesion (12) and thus produces interstrand cross-links that can be repaired by other NER proteins (6) .
Because both ERCC1 and ERCC2/XPD are located on chromosome 19 and participate in NER that removes bulky adducts, such as those induced by BPDE, we hypothesized that the genotypes and haplotypes of ERCC1 and ERCC2/XPD genes determined the in vitro BPDEinduced DNA adduct levels in cultured primary lymphocytes of healthy people. Therefore, we performed a genotype-phenotype correlation analysis in healthy non-Hispanic whites who had been genotyped for SNPs of ERCC1 and ERCC2/XPD and for whom BPDE-induced DNA adduct data were available. These individuals had been used as healthy controls in our previously published study (13) .
Patients and methods

Study population
The study population for this genotype-phenotype correlation analysis consisted of 707 healthy non-Hispanic white cancer-free participants from an ongoing case-control study of squamous cell carcinoma of the head and neck at The University of Texas MD Anderson Cancer Center (Houston, TX). These study participants had been recruited between 1995 and 2005 and were genetically unrelated visitors or companions of patients seen at MD Anderson Cancer center. The study was approved by our institutional review board and patient consent had been obtained, and the summary statistics about these participants were reported previously (2) .
Cell culture and BPDE treatment and genotyping
The detailed methods used to obtain the in vitro BPDE-induced DNA adducts and the genotypes of study participants have been described elsewhere (2,13).
In brief, 1 ml of whole blood from each participant was cultured in each of two T-25 flasks (each containing 9 ml of standard RPMI 1640 supplemented with 15% fetal bovine serum and 112.5 lg/ml phytohemagglutinin). After 67 h of phytohemagglutinin stimulation, BPDE was added to the culture to a final concentration of 4 lmol/l, and lymphocytes for performing the assay were harvested after another 5 h incubation. The induced BPDE-DNA adducts were quantified by the relative adduct labeling (RAL) Â 10 7 . The SNPs of ERCC1 (MIM:126380) and ERCC2/XPD (MIM:126340) used in the analysis were ERCC1 NT_011109.15: g.18191871T.C (rs11615; p.Asn118Asn) and g. 18180954G.T (rs3212986) and ERCC2/XPD NT_011109.15:g.18120142C.A (rs238406; p.Arg156Arg), g.18135477G.A (rs1799793; p.Asn312Asp) and g. 18123137 A.C (rs13181; p.Lys751Gln). These five putatively functional SNPs were chosen mainly because they were the most frequently studied to date and because their haplotypes were able to be inferred since they were all on chromosome 19. The detailed genotyping methods and experimental conditions have been described elsewhere (13) .
Statistical analysis
The distribution of the DNA adducts was evaluated by plotting their percentiles. The Shapiro-Wilk normality test was used to test the normality of the DNA adduct distribution, and the Hardy-Weinberg equilibrium was tested by a goodness-of-fit v 2 test to compare the observed genotype frequencies with the expected genotype frequencies, assuming the study population was in the Hardy-Weinberg equilibrium. A non-parametric Wilcoxon two-sample test or non-parametric analysis of variance F test was used to determine DNA adduct distributions by the categorical variables such as age, sex, smoking status, alcohol consumption and family history of cancer. The linear trend of DNA adduct values was tested in variables with more than two categories (14) . The linkage disequilibrium and R 2 were computed for two-loci models to evaluate allelic association among SNPs (15) .
We used multiple unconditional logistic regression analysis to estimate the odds ratios (ORs) and 95% confidence intervals (CIs) for high DNA adduct levels in participants with zero, one or two copies of the minor allele of each SNP. To detect interactions between smoking status and genotypes on the adduct levels, we used the Breslow-Day test to test homogeneity among ORs of genotype association with high DNA adduct levels stratified by smoking status, and the common ORs were estimated using the Cochran-MantelHaenszel test (14) .
For the haplotype analysis, we applied an expectation-maximization algorithm to infer haplotypes from the observed genotype data, because the current high-throughput genotyping techniques are not able to determine which two alleles are present at each locus for diploid individual and the haplotypes (i.e. combinations of alleles are transmitted from each of the two parents) of unrelated individuals are not known based on the available genotype information (16) . In this study, we used the PHASE (version 2) program (17, 18) to infer haplotypes. Details of the haplotype association analysis were described previously (19) . In brief, we included the inferred haplotype in the unconditional logistic regression model to estimate haplotype-specific OR by using the most common haplotype as the reference group and collapsed all haplotypes with a frequency of ,5% into one group. We used the likelihood ratio test to test the significance of the haplotype effect by comparing the logistic regression model that included haplotypes with the model containing the intercept only.
Finally, we used false-positive report probabilities (FPRPs) to detect falsepositive associations (20) with the prior probabilities from 0.25 to 0.001. We considered FPRP ,0.2 a noteworthy association for further validation. All statistical tests were two sided with P value ,0.05 considered statistically significant and were performed using the SAS statistical software (version 9.13; SAS Institute, Cary, NC).
Results
The characteristics of the study population in this study have been described previously (2) . Of the 707 healthy non-Hispanic white participants, 183 were women and 524 were men; ages ranged from 20 to 85 years (mean, 56.1 years and median, 57 years). The levels of in vitro DNA adducts ranged from 0 to 1237 (RAL) Â 10 7 , with a median of 27 (RAL) Â 10 7 in this study population. The raw and the log-transformed DNA adduct distributions were not normal (P , 0.0001 and P 5 0.017, respectively), but highly skewed to high values.
We first described the distribution of DNA adduct levels by age, sex, alcohol consumption, smoking status and family history of cancer. The levels of DNA adducts were not influenced by these covariates except for smoking status. The median DNA adduct levels in never, former and current smokers were 20, 31 and 38 (RAL) Â 10 7 , respectively. The linear trend test of increased DNA adduct levels in never to former to current smokers was statistically significant (P 5 0.0107). Never smokers had significantly lower DNA adduct levels than did former smokers (P 5 0.015) and current smokers (P 5 0.001). To better describe the adduct distribution in three smoking subgroups, we plotted the percentiles of DNA adduct levels at the 5th, 10th, .95th by smoking status. The shape and the pattern of the percentiles of the never, former and current smokers were similar for the raw and log-transformed DNA adducts with current smokers having the highest value ( Figure 1A and B). Thus, even though the levels of in vitro DNA adducts significantly increased from never to former to current smokers, the shapes of the DNA adduct percentile distributions were similar in these three groups ( Figure 1A and 1B) .
Next, we examined the distribution of DNA adduct levels by the genotypes for each of the five SNPs (Table I ). The median DNA adduct levels for the ERCC1 rs11615 and rs3212986 genotypes with Fig. 1 . Plot of the 5th, 10th, . to 95th percentiles of DNA adducts in never (fine-dotted line), former (short-dashed line) and current (long-dashed line) smokers (A) and plot of the log-transformed DNA adducts percentiles in never (fine-dotted line), former (short-dashed line) and current (long-dashed line) smokers (B). The sample sizes for never, former and current smokers in these two plots were 331, 255 and 121, respectively.
Genotypes and haplotypes of ERCC1 and ERCC2/XPD and in vitro-induced levels of benzo[a]pyrene diol epoxide-induced DNA adducts zero, one and two copies of minor alleles were distributed similarly, with the highest median DNA adduct level seen in the genotype with two minor alleles and the lowest value seen in the genotype with either zero or one minor allele. The median DNA adduct levels were significantly higher in the ERCC1 rs3212986TT than in the ERCC1 rs3212986GG (P 5 0.029). For the ERCC2/XPD rs238406, the median DNA adducts decreased as the copy number of the minor allele increased from zero to two. However, neither the trend test nor the two-sample Wilcoxon test results were statistically significant. The median DNA adduct levels of the ERCC2/XPD rs1799793 and rs13181 increased as the copy number of minor allele increased in genotypes. This linear trend was borderline significant for the ERCC2/XPD rs1799793 (P trend 5 0.057).
The genotype frequency and allelic association of the five SNPs are summarized in Table I . The genotype frequencies of these five SNPs in the study population were similar to those of 31 white cancer controls in the SNP500Cancer database and consistent, with 60 Utah residents with ancestry from northern and western European ancestry in the International HapMap Project and with cancer controls in other published studies (21-23) (data not shown). Among the five SNPs, ERCC1 rs3212986 and rs11615 had the highest correlation, with a correlation coefficient R 2 of 42%. The five SNPs in our study also passed the Hardy-Weinberg equilibrium test, but the pairwise linkage disequilibrium tests for the five SNPs were all statistically significant, and the largest P value was ,10 À6 (data not shown). The significant linkage disequilibrium among these SNPs was accounted for by additional haplotypes analyses.
Because the in vitro DNA adduct levels were not normally distributed, we dichotomized the study participants into two groups using median DNA adduct levels as the cutoff point. As a result, 347 study participants with DNA adducts .27 (RAL) Â 10 7 were classified as high-level adduct group and the remaining 360 with DNA adducts 27 (RAL) Â 10 7 were grouped as low-level adduct group. The distributions of age, sex, alcohol use and family history of cancer in the high-level adduct group were comparable with those in the low-level adduct group, as also evidenced by the ORs and 95% CIs (Table II) . However, the percentage of self-reported former and current smokers was higher in the high-level adduct group than in the low-level adduct group. For example, the ORs for high-level versus low-level adducts were 1.58 (95% CI 5 1.13-2.19) and 1.53 (95% CI 5 1.00-2.32) for former and current smokers, respectively. These results suggest that former or current smokers had a higher risk of having a high adduct level.
We then studied associations between genotypes of ERCC1 and ERCC2/XPD and high adduct levels (Table III) 
Because DNA adduct levels distributed similarly in former and current smokers (Wilcoxon two-sample test P 5 0.16) but differently in former and never or current and never smokers (P 5 0.015 or 0.001, respectively), we combined the former and current smokers into one group of ever smokers and performed the genotype association with risk of high-level adduct in the never and ever smokers. Even though all the ORs were not significant in the stratified analysis, the ORs of genotype ERCC1 rs3212986TT, rs11615CC and ERCC2/XPD rs238406AA and CA in never and ever smokers were similar to those of the overall study population (Table IV) . Furthermore, the interactions between smoking status and genotypes were not significant in the stratified analysis because of the limited power of the small sample size in the subgroups. Because the common ORs estimated by the Cochran-Mantel-Haenszel test were comparable with those we reported in Table III , therefore, we used the overall study population for the haplotype analysis. Table V shows the association between ERCC1 and ERCC2/XPD haplotypes and risk of high adduct levels. For the most common ERCC2/XPD haplotype AGA in the study, we found frequencies of 37.14 and 42.56% for the high-and low-level adduct groups, respectively (P 5 0.011). All alleles of this haplotype were of low risk for each of the SNPs, according to the aforementioned genotype association analysis (Table III) . For the second most common ERCC2/XPD haplotype CAC, we found frequencies of 29.57 and 22.93% for the high-and low-level adduct groups, respectively (P 5 0.011). All alleles in this haplotype were of high-risk allele of each of the SNPs. Compared with AGA, high adduct levels were associated with the CAC (OR 5 1.54, 95% CI 5 1.16-2.05) and CGA (OR 5 1.48, 95% CI 5 1.06-2.06) haplotypes after adjustment for other covariates. The association between ERCC2/XPD haplotypes and risk of high adduct levels was significant (the likelihood ratio test, P , 0.05, comparing the logistic regression model of haplotypes with the intercept-only model or the model adjusted for covariate variables). For ERCC1 rs3212986 and rs11615, haplotype TC was associated with an increased risk of having high adduct levels (OR 5 1.29, 95% CI 5 1.00-1.66) compared with the most common haplotype, GT. The combined haplotypes with frequencies of ,5% were also associated with an elevated OR of 2.79 (95% CI 5 1.13-6.92) after adjustment for other covariates. Haplotypes inferred from the five SNPs in ERCC1 and ERCC2/XPD are listed in Table V . Five haplotypes had frequencies of .5%, and the frequency differences between high-and low-level adduct groups were not statistically significant (P 5 0.111). The haplotype AGAGT, which is composed of low-risk alleles of the five SNPs, was the most common haplotype in both high-and low-level adduct groups. The other four haplotypes were associated with an increased risk of high adduct levels; however, only the haplotype CACTC was associated with a significantly elevated OR of 1.66 (95% CI 5 1.14-2.62) after adjustment for other covariates. Finally, we performed the FPRP analysis and found that under the assumption of a prior probability of 0.1, the FPRPs of ERCC1 and ERCC2 haplotypes yielded values of 0.17 and 0.11, respectively, suggesting that these findings were noteworthy (data not shown).
Discussion
To our knowledge, few studies have investigated the associations between in vitro-induced DNA adduct levels and genetic variations in NER genes in normal cells from the same individuals, although many studies have investigated the association between NER genotypes and cancer risk (11, 24) . In our current study, we found that ERCC2/XPD rs238406AA and CA, ERCC1 rs3212986TT, ERCC2/XPD haplotypes of CAC and CGA and ERCC1 haplotype TC were significantly associated with high levels of DNA adducts induced in vitro, suggesting that genotypes and haplotypes of ERCC1 and ERCC2/XPD may determine the DNA repair phenotype in the cultured primary lymphocytes. This finding is consistent with our previous findings of a correlation between ERCC2/XPD variant genotypes and the host DNA repair capacity, as measured by a different cell culture-based assay in a much smaller sample of healthy control subjects (7) . The strength of the current study is our inclusion of a large sample of healthy participants and the use of a cell culturebased assay for experimentally induced adducts that are relatively free of environmental exposure, such as tobacco exposure, because the in vitro-induced adduct levels are 1000 times that of in vivo induced by tobacco smoke (8) . As a result, we were able to identify the associations between in vitro BPDE-induced DNA adducts (reflecting the host-cell DNA repair capacity) and haplotypes of ERCC1 and ERCC2/XPD.
The formation of DNA adducts in cellular DNA can be influenced not only by levels of exposure but also by individual genetic susceptibility. Matullo et al. (25) performed a stratified analysis and reported a significant OR of 3.81 (95% CI 5 1.02-14.16) for the association between high levels of in vivo DNA adducts and the ERCC2/XPD rs13181CC compared with the ERCC2/XPD rs13181AA in never smokers. In our current study of in vitro-induced DNA adducts, we observed a borderline statistically significant OR associated with the ERCC2/XPD rs13181CC compared with ERCC2/XPD rs13181AA in never smokers. Although the study of Matullo et al. (25) measured in vivo adducts and ours measured in vitro adducts, we both concluded that ERCC2/XPD rs13181CC was associated with high levels of DNA adducts and this association was unrelated to smoking status.
Both in vivo (26) and in vitro (2,10) DNA adduct levels have been shown to be associated with cancer risk, and individual variations in the genes that are responsible for removing these adducts may also influence cancer risk (11, 24) ; therefore, the in vitro-induced DNA adducts in normal lymphocytes may be considered a surrogate P value was obtained using the v 2 test for covariate frequency distributions in the high (adduct .27) and low (adduct 27) adduct levels.
Genotypes and haplotypes of
phenotype for cancer risk. However, obtaining phenotype data are time consuming and costly compared with obtaining genotyping data, although the latter data may be inconsistent in small studies. For example, in a meta-analysis, Manuguerra et al. (21) reported that ERCC2/XPD rs238406AA and CA compared with CC were associated with a high risk of skin cancer, whereas Lovatt et al. (27) reported that these genotypes were associated with a low risk of skin cancer. Therefore, additional information on the phenotype may help explain the discrepancies in these studies. For example, Crew et al. (23) reported that ERCC1 rs3212986AA increased the risk of breast cancer only in individuals with detectable polycyclic aromatic hydrocarbon adducts in their peripheral blood. In our study, the rs3212986TT (equivalent to rs3212986AA in Crew's study because we used reversed primers) was associated with high DNA adduct levels, and in previous epidemiologic studies (28, 29) , high levels of DNA adducts were associated with breast cancer risk; therefore, our result is consistent with Crew's findings that DNA adduct levels can be used as a surrogate intermediate end point for breast cancer risk.
ERCC2/XPD is a key player in the NER pathway. Matullo et al. (22) determined the association between the haplotype GAT of Other haplotypes with frequency less than 5%. ERCC2/XPD rs13181 and rs1799793 and ERCC1 rs11615 and risks of bladder cancer and leukemia by using a codominant or recessive model. We used the most common haplotype, AGA, as our reference group and found that haplotypes CAC and CGA were associated with an increased risk of high levels of DNA adducts. We believe that our fairly large sample size allowed us to detect relatively rare haplotypes in the study population. Although cancer risk has been shown to be associated with reduced DNA repair capacity in a number of published studies (30) (31) (32) (33) (34) (35) (36) , the roles of genetic and environmental risk factors may be more complex in cancer risk than in the DNA repair phenotype. However, the genetically determined DNA repair capacity may also determine the levels of induced DNA adducts. For example, in a study of 137 families (158 women with breast cancer and 154 sisters of these women), the levels of BPDE-induced adducts in lymphoblastoid cell lines obtained from these individuals were used as a surrogate tissue for measuring the DNA repair phenotype, assuming the genetically determined DNA repair phenotype would not be changed after the primary lymphocytes had been transfromed (36) . The quartiles of the percent DNA repair capacity were inversely associated with breast cancer risk, i.e. the higher the levels of the BPDE-induced DNA adducts (or the lower the DNA repair capacity), the higher the cancer risk. We reported similar findings in a pilot study in which reduced host-cell DNA repair capacity, as measured by the reporter assay using BPDE as a DNA-damaging agent, was associated with breast cancer risk; in addition, variant genotypes of both ERCC2/XPD rs1799793 and rs13181 were predictive of the DNA repair capacity (34) .
Because no change occurs in the amino acids in ERCC2/XPD rs238406 and ERCC1 rs3212986, linkage disequilibrium with adjunct functional variants of these two SNPs may be the reason for the observed effects on the phenotype. ERCC2/XPD rs238406, ERCC1 rs11615 and ERCC1 rs3212986 are adjacent on chromosome 19.3.2-3, and two other important cancer-associated genes, RAI and ASEI, are also located in this region (37, 38) . Therefore, further evaluation of the SNPs in this region is needed to identify other possible genetic markers for levels of induced DNA adducts or cancer risk.
There are limitations to our current study. First, we studied nonHispanic white participants; thus, whether the same associations exist in other ethnic groups are unknown. Further studies with additional ethnic populations are needed. Second, the use of in vitro-induced DNA adducts as a surrogate measure of an individual's DNA repair capacity may be less reliable because of large observed variations in the levels of DNA adducts. Some refining of the assay is needed for further validation studies.
In conclusion, we found that ERCC1 rs3212986TT, haplotypes CAC and CGA of ERCC2/XPD, TC of ERCC1 and CACTC of ERCC2/XPD and ERCC1 were significantly associated with high levels of induced DNA adducts. The FPRP tests further suggest that the findings of ERCC1 and ERCC2 haplotypes are noteworthy but need additional validation. 
